This study presents a detailed age-wise mass-based emission factor (EFs), new fuel use estimate 10 and develops spatially resolved emission inventories of fine aerosol constituents (PM 2.5 , BC, and 11 OC) from the on-road transport sector in India. The national-level emissions of PM 2.5 , BC, and 12
INTRODUCTION 32
Development of a regionally representative emission factors (EFs) database is a prerequisite for 33 preparing reliable emission estimates of anthropogenic aerosols and their precursors gases that 34
are key input to climate models which are used as a tool for carrying out climate assessments 35 Reynolds et al., 2011; Bond et al. 2013 ). The net climate 36 forcing by carbonaceous aerosols (BC and OC) can affect the temperature structure and winds in 37 the atmosphere in a variety of ways at different scales (Wang, 2013) . However, due to incorrect 38 emission estimates of carbonaceous aerosols from south Asia, most climate models 39 underestimate the aerosol burden over the region in their simulations and hence these models are 40 generally associated with large uncertainty in terms of both magnitude and sign of climate 41 forcing due to aerosols over south Asia (Bond et al. 2013 ). Among various combustion sources, 42 the road transportation sector is already identified as one of the key emitters of carbonaceous 43 aerosols in South Asia and especially in India . In fact, due to 44 steadily increasing growth rate (9.1% per year) noted in this sector, the carbonaceous aerosol 45 emissions from the on-road transport sector in India are likely to surpass emissions from all other 46 sectors in the near future (SIAM 2017). 47
The existing global (Borken et al., 2008; Ohara et al., 2007; Zhang et al., 2009 ) and regional 48 7 road transport sector. In order to estimate fuel use in the present work, detailed on-road vehicle 143 population using a survival model, annual distance travel, and fuel economy discussed in section 144 A1 in SI. The annual distance travel and fuel economy for different vehicle categories compiled 145
in Table S1 and S2 in the SI. The uncertainty on fuel use and propagates to total emission also 146 discussed in section A2 in the SI. 147
Estimation of superemitters vehicle 148
A small fraction of vehicles with poor maintenance or with outdated technology that contributes 149 significantly towards the total emissions are termed as "superemitters" (Bond et on-road population fraction estimated as 25% of the total, which is close to the value reported for 157
China (Huo et al., 2012) . 158
Gridded emission inventory 159
The total emission of PM 2.5 , BC, and OC from the on-road transportation sector in India for the 160 base year 2013 spatially distributed into grids across the country. For preparing this gridded 161 emission inventory, appropriate proxies are considered according to district (641 districts in 162 India) level activities of the road transport sector in India and illustrated in Table S3 in the SI.  163 For India, total 16384 grid cell and each cell have 0.25 ×0.25 resolution. Total emissions from 164 8 diesel-fueled vehicles and their super-emitters are distributed grid wise following Pandey et al. 165 (2014) and by assuming fixed fractions of road densities of golden quadrilateral (30%), national 166 highways (40%), state highways (20%), and urban grids (10%) across the country. In the absence 167 of exact information on road density for each grid, we followed the assumptions made by Pandey 168 et al. (2014) for consistency with other recently published emission estimates. The uncertainties 169 associated with assumed road density distribution are ±7.5%, ±10%, ±5%, and ±2.5% for 170 "golden quadrilateral" road, national highways, state highways, and urban grids, respectively 171 (Personal communication from Dr. Sarath Guthikunda). Further, emission from gasoline and 172 vehicles urban population of districts grids are used following . Spatial 173 distribution of PM 2.5 , BC, and OC has been visualized using Arc-GIS software (10.1). 174
Climate model description and simulation details 175
We use a variant of the three-dimensional global climate model called the Community Earth 176 System Model (CESM1, released version 1.2) developed at the National Center of Atmospheric 177
Research (NCAR) (Hurrell et al., 2013) . The direct radiative forcing over the Indian region due 178 to emissions of BC from the on-road transportation sector in India estimated. The uncertainty in 179 BC emission estimates is 33%; therefore, the radiative forcing calculation is expected to be well-180 bounded. The earlier study also used BC emission from transport sector with 33% uncertainty for 181 radiative forcing (Fuglestvedt et al., 2008) 182 The atmospheric components of CESM1 version used here are the Community Atmosphere 183 Model (CAM5.3). The CAM5.3 has a hydrostatic, finite-volume (FV) dynamical core with a 184 horizontal resolution of 0.9° x 1.25°, 56 hybrid sigma pressure levels and configured in the 185 "specified dynamics" mode (Lin, 2004; Neale et al., 2004) . This resolution allowed us to 186 9 constrain the model simulated meteorology to match with the meteorological analysis from 187 model consists of all the key processes influencing the aerosol life cycle, such as precursor gas 198 and particle emissions, gas and aqueous-phase chemistry, nucleation, condensation, coagulation, 199 aging, precipitation scavenging, and dry deposition (Liu et al., 2012) . In CAM5, the Rapid 200 Radiative Transfer Method for GCMs (RRTMG) used to calculate the long and shortwave 201 radiative transfer (Iacono et al., 2008) . The aerosol optical properties for each internally mixed 202 modes of MAM defined according to Ghan and Zaveri (2007) . 203
The model simulations are performed from 1 December 2009 to 31 December 2015, with the 204 first one month of model output excluded from our analyses to allow the model to spin up 205 following the initial conditions. We conduct two simulations with identical model configuration 206 using prescribed greenhouse gas concentrations and anthropogenic emissions of aerosols and 207 their precursors (Representative Concentration Pathway scenario 8. 
Calculation of aerosol radiative forcing 219
We followed the IPCC AR5 (The Intergovernmental Panel on Climate Change Fifth Assessment 220 Report) methodology for estimating the anthropogenic aerosol effects on the planetary energy 221 balance in terms of effective radiative forcing (ERF) that allows clouds to respond to aerosol 222 while surface temperature prescribed. This method allows us to quantify aerosol radiative effects 223 in terms of effective radiative forcing from aerosol-radiation interactions (ARI) as well as from 224 aerosol-cloud interactions (ACI). However, it is worth mentioning here that although 225 constraining the model meteorology to match with the meteorological analysis from MERRA-2 226 has several advantages such as it facilitates direct comparisons between model simulations and 227 observations at specific times and locations, one limitation of this approach is that it removes the 228 aerosol induced feedbacks to the atmospheric dynamics and the constrained temperature 229 eliminates the semi-direct effects of aerosols (Ma et al., 2015; Tilmes et al., 2015) . Hence, in this 230 study, we restrict our discussion to effective radiative forcing from aerosol-radiation 231 11 interactions alone, which is also known in conventional terms as the aerosol direct radiative 232 forcing (DRF). as in bold are occupied from our companion paper (please see Table 1 ). The other EFs factors 263 mentioned in Table1 compiled from the previous literature, which measured from controlled 264 laboratory condition. 265
The average PM 2.5 EFs of non-super-emitter diesel-powered vehicles (Table 1 and Fig. S2 in the 266 SI) is found to be lowest (1.1 ± 0.2 g kg -1 ) for 'other' type (Tractor and trailer) and highest for 267 LMV-goods (4Ws) 11.2 ± 7.0 g kg -1 of age group C (2001-2005). As evident from Table 1 that 268 PM 2.5 EFs increase by a factor of 2-5 with increasing vehicle age for most vehicle categories. In 269 contrast the results also showed that the PM 2.5 EF for 4Ws-diesel of the model year 2001-2005 270 (C) is lower than the EFs for age groups A and B. Vehicles older than 10 years of age are not 271 readily available in Delhi and hence, the measurements could not be repeated for more vehicles 272 to confirm this trend. A previous study by Alves et al. (2015) also reported lower EFs from well-273 maintained old vehicles compared to poorly maintained and rigorously used newer vehicles. 274
Besides, we also noted that the EF reported by ARAI (2008) for Indian vehicles of the same age 275 13 group (C) was close to the values measured by us. Therefore, we used the emission factor for 4-276 W diesel on-road from measurement even though it was contrary to the trend. 277
The EFs of superemitter vehicles (Table 2 and the literature averaged for emission calculation. Therefore, measured EFs is our motivation in 293 this work to understand the impact on total emission and climate forcing. 294
Vehicle traffic volume and fuel use estimate 295
The vehicle traffic volume (billion vehicles) which is the product of on-road population and 296 annual distance travel was highest for 2Ws-gasoline (56% of 1550 billion vehicle km) followed 297 14 by diesel-powered 'other vehicles', HDV, LMV-goods, passenger and busses, while CNG 298 vehicles contribute the smallest fraction of total traffic volume ( Fig.2a-c ). However, one can 299 notice that fuel use showed the opposite trend as diesel fuel consumption by 'other' vehicles and 300 HDV-truck was higher as compared to 2Ws-gasoline and CNG vehicles ( Fig.2d-f ), because of 301 lower (4-10 times) fuel economy of diesel vehicles ( Table S2 in the SI) compared to 2Ws 302 gasoline-powered vehicles. 303
Emissions estimates of PM 2.5 and carbonaceous aerosol 304
The central value and 95% Confidence Interval (CI) of PM 2.5 emissions from on-road transport 305 sector is estimated to be around 355 (104-607) Gg y -1 at the national level with maximum 306 contribution from diesel vehicles (83.7%) followed by gasoline (15.6%), and an insignificant 307 contribution from CNG (0.7 %) (see Fig. 3 ). Although, diesel vehicles comprise only 27% (416 308 billion vehicle km) of total traffic volume (1550 billion vehicle km) ( Fig.3 ), gasoline and CNG 309 contributes rest 73%; however, low fuel economy and high EFs (Table 1 and Table S2 in the SI) 310 of diesel vehicles and more than 2-times higher fuel consumption (52 MT y -1 ) resulted in 5.3 311 times higher emissions (297 Gg y -1 ) compared to gasoline vehicles. Interestingly, non-312 superemitter and superemitter vehicle comprise 76% and 24% of the total traffic volume 313 respectively but contribute 33% [119 (77-161) Gg y -1 ] and 67% [236 (27-446) Gg y -1 ] of total 314 national level PM 2.5 emissions (Fig. 3 ). This implies that the vehicle growth in future and 315 fraction of superemitters can significantly intensify the PM 2.5 emissions from the on-road 316 transport sector. Therefore, a proper mitigation policy must not only focus on strengthening 317 public transport as an emission reduction option but also should focus on controlling the fraction 318 of superemitters. It is worth noting that the uncertainty associated with emission estimates from 319 the superemitter vehicles (89%) is significantly higher than non-superemitter vehicle category 320 15 (36%) because the EFs for superemitters not assessed yet and their exact fraction in terms of 321 traffic volume is also not known. 322
It is important to note here that although the HDV-trucks and 'other vehicles' (tractor/trailer) 323 have a relatively smaller contribution (7-8%) towards the total traffic volume ( Fig. 2a ), these 324 vehicles contribute significantly (55%) towards the national PM 2.5 emissions from India with 325 almost equal contributions from HDV-trucks (28% (99 Gg y -1 ) and 'other vehicles' (tractor/trailer; 326 27% (97 Gg y -1 )). On the other hand, the LMV-goods vehicles with 3 times higher EFs and 327 much lower share towards the on-road traffic volume (5%) contribute nearly 12% of the national 328 PM 2.5 emissions from India. With economic growth and rapid urbanization happening across 329
India, the on-road traffic volume of freight (i.e. other vehicles, LMV-goods, and HDV-trucks) is 330 expected to increase rapidly in the coming years and hence a mechanism of on-road 331 measurement of emission profile for this category vehicles is crucial for quantifying their correct 332 contribution towards the total national emission of PM 2.5 and climate forcing agents like 333 carbonaceous aerosols from India. Diesel-powered public transport (buses), and private cars 334 (4Ws) contribute only 2% and 5% towards the total on-road traffic volume but contribute nearly 335 9% (44 Gg y -1 ) and 7% (26 Gg y -1 ) towards the national PM2.5 emissions (Fig. 3a) . The 336 contribution from non-super-emitters and super-emitter vehicles among the diesel-powered high 337 emitting technologies to the total PM 2.5 emissions across India estimated as 34% (33.7 Gg y -1 ) 338 and 66% (65.3 Gg y -1 ) respectively for HDVs, 80% (77.8 Gg y -1 ) and 20% (19.4 Ggy-1) 339 respectively for 'others' and 45% (19.3 Gg y -1 ) and 55% (24 Gg y -1 ) respectively for LMV-goods 340 vehicles ( Fig. 3a) . 341
Our results further show that the gasoline-powered 2Ws, LMV-passengers, and 4Ws-passenger 342 cars contribute nominally 10% (36.5 Gg y -1 ), 3% (10.4 Gg y -1 ) and 2% (8.7 Gg y -1 ) respectively 343 16 to national level PM 2.5 estimates (Fig. 3b ). It is worth noting here that even though 2Ws vehicles 344 have a maximum contribution towards the on-road traffic volume (56% of 1150 billion vehicle 345 km) but contribute only 10% towards the national PM 2.5 emissions and this is mainly due to low 346 fuel consumption and low EFs reported for 2Ws. The contribution of gasoline-powered non-347 superemitter and superemitter vehicles in different categories towards the total PM 2.5 emissions 348 (56 Ggy -1 ) estimated as 19.6% (11 Gg y -1 ) and 46.4% (26 Gg y -1 ) for 2Ws, 6.4%(3.6 Gg y -1 ) 349 and 12.1% (6.8 Gg y -1 ) for LMV passenger, and 8.7% (4.9 Gg y -1 ) and 6.8% (3.8 Gg y -1 ) for 350 passenger cars respectively ( Fig.3 b) . The contributions from CNG operated non-super-emitter 351 and super-emitter vehicles towards the total PM 2.5 emissions (2.4 Ggy -1 ) estimated as 25% (0.6 352 Gg y -1 ) and 50% (1.2 Gg y -1 ) respectively for LMV-passenger (3Ws) vehicles ( Results of present study suggests that the total BC emissions from on-road transport sector at the 358 national level is around 137 (47-227) Ggy -1 with maximum contribution from diesel-powered 359 vehicles [96%, 131 Gg y-1] and relatively much smaller contribution (4%, 6 Ggy -1 ) from 360 gasoline and CNG powered vehicles ( Fig. 3d , e, f). Overall super-emitters and non-super-361 emitters contribute nearly 53% [72 (5-139) Gg y -1 ] and 47% [64(42-88) Ggy -1 ] respectively of 362 total BC emissions from on-road transport sector. However, considerable uncertainty of nearly 363 92% and 36% are associated with our estimates of BC emissions from superemitters and non-364 superemitter vehicles, respectively. Most remarkably our estimates of BC emissions from on-365 road transport sector suggests that among the superemitter vehicles, an overwhelming majority 366 (94% (68 Gg y -1 )) of BC emissions contributed by diesel-powered vehicles and only a small 367 fraction (6% (4 Gg y -1 )) comes gasoline and CNG vehicles. Our results further suggest that while 368 the overall contribution of non-superemitter vehicles is around 47% towards the total national 369 level BC emissions from on-road transport sector. the diesel, gasoline, and CNG powered non-370 superemitter vehicles contribute nearly 46.2% (63 Ggy -1 ), 0.96% (1 Ggy -1 ) and 0.03% (0.05 371 Ggy -1 ), respectively. Among vehicle categories, HDV-trucks account for the highest 34% (46.3 372 Gg y -1 ) contribution to the total BC, followed by 'others vehicles' 24% (33 Gg y -1 ), LMV-goods 373 18% (24.7 Gg y -1 ), passenger cars 11% (15 Gg y -1 ), buses 9% (12.3 Gg y -1 ), 2-wheeler 2% (2.7 374 Gg y -1 ) and LMV-passenger 1% (1.4 Gg y -1 ). Overall, the contribution of commercial freight 375 vehicles and passenger vehicles estimated around 76% and 24% respectively to the total national 376 level BC emissions from the on-road transport sector. 377
Further the total OC emissions from on-road transport sector at national level estimated as106 378 (34-178) Gg y -1 with leading contribution from diesel vehicles [58%, 61 (15-111) Gg y -1 ] 379 followed by gasoline [41%, 43 (22-64) Gg y -1 ], and CNG powered vehicles (1%, 1.3 Gg y -1 ) 380 ( Fig. 3g , h, i). In terms of vehicle category among diesel-powered vehicles, HDVs emit highest 381 OC (22 Gg y -1 , 20%), followed by 'other vehicles' (21 Gg y -1 , 20%), LMV-goods (7 Gg y -1 , 7%), 382 buses (7 Gg y -1 , 7%), and passenger cars (4 Gg y -1 , 4%). Among gasoline vehicles, 2-wheelers 383 are found to be the highest emitter of OC [75%, 32 Gg y -1 ], while LMV-passenger and passenger 384 cars contribute 14% (14.8 Ggy -1 ) and 11% (11.7 Ggy -1 ) respectively towards the total OC 385 emissions. Overall passenger vehicles (i.e., 2Ws, LMV-passenger, and 4Ws, and buses) and 386 commercial freight (i.e. HDV-trucks LMVs-goods, 'others') vehicles contribute almost equally 387 (52% and 48% respectively) towards the total OC emissions at the national level from on-road 388 transport sector. Non-superemitters and superemitters contribute nearly 32% (34 Gg y -1 ) and 68% 389 18 (72 Ggy -1 ) respectively of the total OC emissions from this sector. The uncertainty associated 390 with the estimates of OC emission with 95% CI is calculated to be 79% and 43% for 391 superemitters and for non-super-emitter vehicles respectively. 392
Thus, our findings from the present study emphasize the need for emission control from the on-393 road transport sector in India. In fact, keeping in view the expected growth of road transport 394 sector in India, our study suggests that the contribution of superemitters and non-superemitters 395 needs to be ascertained more accurately by making the correct measurements of emissions from 396 all kinds of vehicles under real-world driving pattern prevalent in India. Besides emission 397 measurement, a compilation of ground truth on activity data such as on-road vehicle population, 398 vehicle lifetime, annual distance travel, and mileage is a necessity, should be collected across the 399 country. 400 work resulted in 23% and 37% lower emission estimates by these two studies respectively as 414 compared to present work. The present estimates (355 Ggy -1 ) of PM 2.5 emissions from on-road 415 transport is 1.6 times higher than the estimate (222 Ggy -1 ) reported in Emissions Database for 416
Comparison with previous emission estimate 401
Global Atmospheric Research (EDGAR) (Crippa et al. 2018 ). However, most importantly, the 417 uncertainty associated with the PM 2.5 emission estimate from on-road transport sector with 95% 418 CI reduced from 98% as reported in previous estimates by to 419 70% in the present study. 420
We also compared our emission estimates with those reported for Delhi city by Goel The uncertainty at 95% CI associated with OC emissions from on-road transport sector reduced 450 from 136% as reported by to 95% in the present work. 451
Next, we compared the emission estimates of PM 2.5 , BC and OC from diesel and gasoline-based 452 4-wheelers derived using different approaches such as EFs measured in on-road experiments as 453 used in the present work, previous dynamometer studies, and emission models. Fig. 4 shows the 454 analysis of national-level emission estimates of PM 2.5 , BC and OC from 4Ws due to the 455 application of EFs from different approaches. The student t-test analysis showed the use of EFs 456 measured from the on-road operation of 4-wheelers resulted in significantly higher (p<0.05 at 95% 457 21 CI) emissions compared to those obtained using EFs from dynamometer study. For diesel-458 powered 4Ws the emission estimates of PM 2.5 and BC using the EFs derived from BC/PM 2.5 459 ratios are slightly lower than the present estimates ( Fig. 4) , while for OC, emission model 460 derived EFs resulted in marginally higher emissions compared to present work. For gasoline-461 based 4-wheelers, the PM 2.5 , BC, and OC emission estimates using model-derived emission 462 factor are again marginally higher (7-18%) compared to the present estimate ( Fig. 4) . 463
Thus the emission estimates based on model-derived EFs seem to be marginally different from 464 the estimates of our present work, while estimates based on EFs from dynamometer are primarily 465 lower than the present estimates. The EFs from on-road emission measurements used in the 466 present work provide an intermediate well-bounded emission estimate. 467
Spatial distribution of emission fluxes 468
The present emission estimates are then used to prepare a gridded emissions data (0.25° X 0.25° 469 resolution) or spatial distribution of emission fluxes (tons/grid/year) of PM 2.5 , BC, and OC from 470 the Indian road transport sector for the base year 2013. Our gridded emissions data shows high 471 emission fluxes with values greater than 1500 tons grid -1 year -1 of PM 2.5 over the four 472 metropolitan cities (Delhi, Mumbai, Kolkata, and Chennai) due to the high population, road 473 density, and traffic volume (See Fig. S4 ). The "golden quadrilateral" road network, which 474 connects the metro cities and industrial cluster showed a substantial magnitude of 500-1500 tons 475 grid -1 year -1 of PM 2.5 emission fluxes. Industrial clusters within this road network are found to be 476 associated with a moderate level of emissions ranging from 100 to 500 grid -1 year -1 over the 477 states of Gujarat, Maharashtra, Tamil Nadu, West Bengal, and Delhi, even though these states 478 accounted 50% of PM 2.5 emissions. The national and state highways showed PM 2.5 emissions 479 22 fluxes varying in the range of 100-500 tons grid -1 year -1 from diesel-powered vehicles, whereas 480 the entire district and urban grid emissions are found to vary from 5 to 100 tons grid -1 year -1 481 mainly due to gasoline and CNG vehicle emissions. 482
The gridded BC emissions showed a similar spatial variability as PM 2.5 because BC is a 483 dominant component of PM 2.5 emissions from the on-road transport sector. Among vehicles, the 484 primary source of BC is diesel-powered vehicles including LMV-goods, 4-wheeler diesel, 485
HDVs, buses and tractor and trailers. The observed BC emission fluxes resemble road network 486 density with higher values in Gujarat, Maharashtra, Tamil Nadu, West Bengal and Delhi (> 1000 487 tons grid -1 year -1 ) (see Fig.S4, middle panel) . 488
The clusters of OC emissions fluxes of magnitude ≥1500 tons g grid -1 year -1 noted over the Gangetic Plain (IGP) (see Fig. S4, right panel) , this is corroborated with dense population and 490 demand of vehicles running on high-efficiency fuels such as gasoline and CNG, which emit 491 more OC. The "golden quadrilateral" and national highways that are dominated by diesel 492 vehicular traffic and related activities are also characterized by 50-1500 tons grid -1 year -1 OC 493 emission fluxes (Fig. S4, right panel) . Interestingly, although the IGP region accounts for only 15% 494 of the total Indian geographical area, this region accounts for nearly 42% (45 Gg y -1 ) of the total 495 OC emissions from the on-road transport sector in India. The remaining emissions (56%) of OC 496 distributed over Central, Northwestern, Northern-Eastern, Eastern part of Central India, this is 497 due to rapidly increasing urbanization in these parts of India that also increases the fuel demand 498 for on-road transport sector in these regions. 499
To compare our spatially resolved emissions with previous work, we scaled the previous 500 estimates for the different base year using the vehicle population growth rate reported by 501 23 MORTH (2013). Overall we noted a good agreement between the emission estimates of the 502 present work with the estimates earlier reported by Sadavarte and Venkataraman (2014) both in 503 terms of magnitude and spatial distribution pattern of PM 2.5 , BC, and OC emissions. A root mean 504 square error (RMSE) between the two inventories for PM 2.5 , BC, and OC are calculated as 0.3, 505 6.0 and 3.5 tons/grid/year and an index of agreement (Willmott, 1981 , Jaiprakash et al., 2010 between the two inventories found as 1.0, 0.99 and 0.99 for PM 2.5 , BC, and OC respectively, 507
indicating a good agreement between present work and previous work by Sadavarte and 508 . 509
Atmospheric BC burden due to emissions from the road transport sector 510
The emission estimates of carbonaceous aerosols are then used in CAM5 global climate model to 511 estimate the atmospheric burden and DRF due to BC emissions from on-road transport in India. with other soluble species, it is rapidly converted to an internally mixed hydrophilic aerosol in 552 the CAM5 model thereby facilitating the uptake of these BC containing internally mixed 553 hydrophilic aerosols into cloud droplets which further undergoes rapid growth through collision-554 coalescence process in to larger hydrometeors and eventually gets rapidly scavenged from the 555 atmosphere during the monsoon season. Thus we show using the scavenging rates of aerosols 556 available from our simulations that it is mainly due to efficient scavenging of BC aerosols and 557 stronger winds during the southwest monsoon season (June to September) that the contribution 558 of emissions from the road transportation sector in India towards the BC burden in the 559 atmosphere is found to be lowest, while the lower scavenging rates of aerosols and calm wind 560 conditions result in higher BC burden during the March-April period, despite considering no 561 change in emission rates of BC from the road transportation sector throughout the year in our 562 simulations. In general, the column burden of BC is found to be higher over the Indo-Gangetic 563 belt region compared to other parts of India due to higher emissions of BC from the road 564 transportation sector from this major source region as shown in Fig. S4 in the SI. 565
Radiative forcing due to BC emissions from the road transport sector 566 Fig. 7 shows the monthly mean climatology (2010-2015) of the spatial distributions of the 567 shortwave direct radiative forcing at TOA for all months from January to December over the 568 South Asian region due to BC emissions from the road transport sector in India. Since the 569 magnitude of the shortwave DRF due to OC emissions from the road transportation sector is 570 found to be more than an order of magnitude smaller than the DRF due to BC emissions from the 571 same sector, we limit our discussions to the radiative effects of BC emissions alone in the present 572 work. Spatial distributions of shortwave DRF at TOA for individual months from January to 573 December over the South Asian region due to BC emissions from the road transport sector in 574
India is shown in Figure S5 of the SI. The positive DRF at TOA estimated during all months 575 with values up to approximately 6 Wm -2 indicates a warming effect over the South Asian region 576 due to BC emissions from the road transportation sector in India. The spatial distributions of 577 DRF at TOA (Fig. S5 in the SI) for all months are similar but not identical to the pattern of 578 change in BC column burden (Fig. 5 ), and these differences are likely due to the differences in 579 clouds between the two simulations. It is worth emphasizing here that the radiative fluxes under 580 both all-sky and clean-sky conditions are influenced somewhat differently not just due to 581 differences in BC aerosols between the two simulations, but also due to differences in clouds, 582 and the presence of BC aerosols relative to (above or below) those clouds under all-sky 583 conditions between the simulations (Ghan et al. 2012 ). This happens because as discussed earlier 584 in section 2.7 that the methodology adopted in this study for the calculation of aerosol radiative 585 forcing ensures that while our estimates of DRF includes the radiative warming enhancement by 586 BC aerosols present above clouds or other bright surfaces, it avoids exaggeration of radiative 587 cooling by scattering aerosols above clouds. However, unlike the positive DRF at TOA, BC 588 emissions from road transportation sector in India results in a predominantly negative DRF at the 589 surface across the South Asian region and thereby leading to a net loss of shortwave radiation at 590 the surface by up to around 10 Wm -2 over certain areas especially in the eastern part of the Indo-591
Gangetic belt in some months (see Fig 7 and S5 and S6 in the SI). In fact, as noted earlier in the 592 case of spatial distribution of atmospheric BC burden shown in Fig. 5 , the extent of negative 593 27 DRF at the surface extends well beyond the source regions of these aerosols over the Indian land 594 mass to far off areas over the Bay of Bengal and the Arabian Sea, particularly during the months 595 from December to April when the prevailing low level wind is predominantly from the Indian 596 sub-continent toward the Indian Ocean and large amounts of BC emitted from the Indian land 597 mass is transported over these oceanic regions (see Fig. S6 in the SI). Thus while a positive DRF 598 at the TOA (Fig. 7) refers to a gain of additional energy for the earth-atmosphere system by up 599 to 6 Wm -2 , a negative DRF at the surface in spite of this gain of energy at the TOA means that 600 there is a net loss of energy at the surface of the earth by up to 10 Wm -2 , thereby indicating a 601 trapping of energy within the atmosphere by up to 16 Wm -2 due to the direct radiative effects of 602 BC emissions from the road transportation sector in India and as estimated by taking the 603 difference of the DRF values at the TOA and surface (see Fig. 7 and S7 in the SI). Fig. 8 shows 604 annual cycle of monthly mean climatology (2010-2015) of BC direct radiative forcing averaged 605 over the Indian region at surface, TOA, and within the atmosphere as estimated by the CAM5 606 model. The annual cycles of BC direct radiative forcing (Fig. 8) follows the same pattern as the 607 BC column burden shown earlier in Fig. 6 . We find the DRF at surface to be maximum (in terms 608 of magnitude) during March when the BC column burden is also highest due to a build-up of BC 609 associated with weaker horizontal and vertical transport of aerosols and less scavenging of 610 aerosols due to insignificant precipitation during this time of the year, while DRF at surface to be 611 lower (in terms of magnitude) during monsoon season due to lesser BC column burden during 612 this season. We also find that the annual cycle of atmospheric absorption due to BC (Fig. 8) as 613 estimated by taking the difference between DRF at the TOA and DRF at surface, closely follows 614 the annual cycle of BC column burden (Fig. 6) thereby showing that the atmospheric DRF due to 615 BC is directly proportional to the BC column burden in the atmosphere. 616
28
As discussed earlier in section 3.3 that the emission estimates of BC from the road transportation 617 sector, as reported in this study are associated with an uncertainty of about 50%. Hence, with an 618 aim to understand the uncertainty in our estimates of DRF due to BC aerosols arising due to the 619 uncertainty in emissions of BC from the transportation sector in India, we perform two additional 620 model sensitivity experiments where in one case we increased the BC emissions from the road 621 transportation sector in India by 50% and in the other case, we decreased the same emissions by 622 50% of the mean value used previously in our standard simulation (see section 2.6 for the 623 simulation setup of these sensitivity experiments). In addition to providing us an idea about the 624 uncertainty associated with our estimates of DRF, another usefulness of the results of our 625 sensitivity simulations is that it also helps us to answer policy-relevant question such as the 626 change in BC forcing that we can expect to get from changes in emissions caused by either 627 future emission increases or implementation of deliberate mitigation measures involving cutting 628 down emissions of BC. Fig. 9 shows the scatter plot of monthly mean DRF at TOA, surface, and 629 atmosphere with increase in column burden of BC for individual model grid points within India 630 as well as averaged over all grid points across India from the three sensitivity experiments. Our 631 estimates of DRF due to BC from these sensitivity experiments reveal that the DRF remains 632 uncertain up to approximately 35% due to uncertainties in the emission estimates of BC from 633 transportation sector in India. Interestingly our results suggest that the DRF at TOA, surface, and 634 atmosphere due to BC aerosols exhibit an approximately linear relationship with column mass 635 burden of BC across the Indian region and for the range of BC emissions considered in this study. 636
Since the estimates of BC emissions and hence the column mass burden of BC over the Indian 637 region continue to remain uncertain, this linear relationship between the column burden of BC 638 and the DRF due to BC aerosols allows us a more useful way of presenting the DRF due to BC 639 29 as the normalized DRF or the DRF per unit column mass burden of BC in watts per milligram 640 (Wmg -1 ). Fig. 9 also shows the annual mean climatology (2010 to 2015) of normalized DRF at 641 TOA, surface, and the atmosphere due to BC aerosols. We find the normalized DRF at TOA, 642 surface, and atmosphere due to BC averaged over India to be around +1.3, -2.5, and +3.8 W/mg 643 respectively with an uncertainty of about 61% due to uncertainties in the DRF and column mass 644 burden of BC. It is worth noting from Figure 9 that unlike the spatial distributions of DRF due to 645 BC (Fig. 7) , the spatial distributions of normalized DRF due to BC appears to be significantly 646 different from the pattern of change in BC column burden ( Fig. 5 ) and in fact the normalized 647 DRF due to BC appears to be more spatially uniform in general and particularly for the 648 normalized DRF values at the surface. The spatial homogeneity in normalized DRF due to BC at 649 the surface (Fig. 9h ) regardless of the actual column burden of BC exhibiting significant 650 variability across the Indian region (see Fig. S8 ) is also evident from the strong linear correlation 651 between the increase in column burden of BC and the DRF due to BC at the surface (Fig. 9b) . 652
Thus, our estimates of normalized DRF due to BC is also useful for knowing the change in BC 653 forcing that we can expect to achieve from either future emission increases or implementation of 654 mitigation measures involving cutting down BC emissions from particular sectors. Interestingly, 655 our results show that the spatial variability of the normalized DRF due to BC at TOA (Fig. 9g) is 656 not only significantly different from the pattern of change in BC column burden, but also the 657 normalized DRF due to BC at TOA gets amplified over areas characterized by the presence of 658 these strongly absorbing BC aerosols above highly reflective surface including clouds (see Fig.  659 S9 and S10 in the SI). For example, the higher values normalized DRF at TOA and atmospheric 660 absorption due to BC noted over Jammu and Kashmir in the north and western side of the 661 peninsular India in the south (Fig. 9g and 9i ) in spite of significantly lower column burden of BC 662 30 existing over both these regions compared to highly polluted regions elsewhere such as the Indo-663
Gangetic belt ( Fig. 5 and S8 in the SI) are noted primarily due to higher surface albedo over 664 Jammu and Kashmir in the north (see Fig. S9 ) and persistent presence of highly reflecting low 665 clouds over the western side of the peninsular India (see Fig. S10 and S11 in the SI) almost 666 throughout the year resulting in an absorption amplification of shortwave radiation per unit 667 column burden of BC over these regions. Consequences of such high values of normalized DRF 668 at TOA and atmospheric warming due to BC over the Himalayan Karakoram region as well as 669 over the peninsular India are not easy to speculate, but it is surely a subject of further 670 investigation by the scientific community to understand the potential impact of such enhanced 671 atmospheric warming on the melting of snow and glaciers over the Himalayan region as well as 672 on the onset of the south Asian summer monsoon, regional climate and the hydrological cycle 673 ). Hence, we wish to mention here that while 683 the ultimate impact of carbonaceous aerosol emissions on the South Asian monsoon system and 684 the regional climate continues to be an important research question, which demands further 685 31 investigation involving improved regional emissions from all sectors, but it is beyond the scope 686 of the present study, and therefore it will be taken up as a separate study in the future. 687
SUMMARY AND CONCLUSIONS 688
New emission inventories of PM 2.5 , BC, and OC from on-road transport sector developed for 689 India for the year 2013. Detailed vintage-wise on-road EFs are used for improving the 690 uncertainty associated with the emission estimates. Total fuel (diesel, gasoline, and CNG) usage 691 at the national level are estimated and further disaggregated at the state level. Our study shows 692 that super-emitter vehicle category contributes nearly 53-68% of total PM 2.5 , BC, and OC 693 emissions from the on-road transport sector and the super-emitter vehicle emissions are 694 significantly higher compared to emissions from non-super-emitter vehicles. A further increase 695 in GDP and urban population in India are likely to result in steep growth in on-road vehicle 696 population across India in the coming years and thereby further increases in gaseous and 697 particulate matter emissions is expected. In addition, it is also worth noting from our study that if 698 the present practice of after-treatment technologies of Indian vehicles and poor maintenance 699 practices continues, then we are likely to see further increases in emissions of climate-relevant 700 pollutants with increasing vehicle population in India. Which might become a severe issue to 701 climate change and local air quality, causing various health problems. 702
The default emissions estimates of carbonaceous aerosols from the road transport sector in the 703 IPCC AR5 replaced by the present new local emission inventory for India and merged with the 704 global emission inventory. We then use the CAM5 global climate model to estimate the BC 705 column burden in the atmosphere and aerosol direct radiative forcing due to BC emissions from 706 the road transport sector in India. The results of our model simulations suggest that although the 707 32 column burden of BC is generally found to be higher over the Indo-Gangetic belt region 708 compared to other parts of the sub-continent during all months, large quantities of BC emitted 709 from road transport sector in India are also transported over the Bay of Bengal and the Arabian 710 Sea, resulting in significantly increased column burden of BC over these oceanic regions. BC 711 emissions from the road transportation sector in India results in a positive DRF at TOA with 712 values up to 6 Wm -2 , indicating a warming effect across the South Asian region caused by these 713 emissions. Although it means a gain of additional energy for the atmosphere (TOA) by up to +6 714 Wm -2 , a predominantly negative DRF is noted at the surface, meaning that despite the gain of 715 energy at the TOA there is a net loss of energy at the surface by up to 10 Wm -2 . The estimated 716 DRF indicates trapping of energy within the atmosphere over the Indian subcontinent by up to 16 717
Wm -2 due BC emissions from the road transportation sector alone in India. We further estimated 718 the normalized DRF (the DRF per unit column mass burden of BC in watts per milligram (Wmg-719 1) at TOA, surface, and atmosphere due to BC averaged over India to be around +1.3, -2.5, and 720 +3.8 Wmg -1 respectively with an uncertainty of about 61% due to uncertainties in the DRF and 721 column mass burden of BC. Our results show exceptionally high values normalized DRF at TOA 722 and atmospheric absorption due to BC over the Jammu and Kashmir region in the north and the 723 western side of peninsular India. In spite of significantly lower column burden of BC existing 724 over both these regions compared to stronger source regions elsewhere such as the Indo-725
Gangetic belt due to higher values of surface albedo over the Jammu and Kashmir region and 726 persistent presence of highly reflecting low clouds over the western side of the peninsular India 727 facilitating an absorption amplification of shortwave radiation per unit column burden of BC 728 over both these regions. While the ultimate impact of carbonaceous aerosol emissions on the 729 South Asian monsoon system is undoubtedly a critical research question, which demands further 730
